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Introduction .
As a result of oil produ.ction from the Alaskan Outer Continental Shelf, the Pacific Northwest is one of the areas of the United States most'likely to receive increased inputs of petroleum hydrocarbons . -.
(PHC) from transport, port operations, and refining. There is the possibility that exploration on the coasts of Oregon-and Washington will indicate the potential for drilling, and, thus, product.ionrelated inputs are possible. Present and future activities associated In order to more clearly define the potential for petroleum to exert significant long-term environmental effects in-marine sediments, studies on the fate of crude oil in sediments are being conducted. These studies are interdisciplinary, involving aspects of physical organic chemistry and marine biology. The principal objectives of these studies are to determine the rates and mechanisms of degradation of petroleum in the marine environment, to deter- In this paper, we wish to report on methods which are being . .
used .to meet some of the above needs. ~hese.' techniques :&re being used to .separate, identify, and quantitate the components of PBC . and to quantitate these components in sediment samples contaminated with PBC as a part of laboratory and field depuration studies. The methods used in these studies employ the techniques of liquid-column chromatography, capillary-column chromatography, gas chromatograp,hymass spectrometry(GC-MS), high performance liquid chromatography (HPLC) , and infrared spectroscopy (IR) .
The experimental approach utilized was designed to provide -correlations between the rates of oil depuration and benthic organism recruitment, in the natural environment. This 'type of field experiment has been recommended in past workshops (Beynon and .
~B J
the territorial boundaries of the United States, it appears that -this is the only type of field experiment that can be conducted.
As in other types of experimentation, both chemical and biological analytical methods were developed as the investigation progressed.
The research is continuing such that alterations in the biota-and chemical characteristics of the sediment will be followed for a number of years to provide realistic information on the fate and --effects of petroleum hydrocarbons in marine sediments.
. -
Materials and Methods
.
-.--
Analytical Chemistry
Analysis of PBC. The separation of PBC into saturate and aromatic compound fractions was adapted from a silica gel chroma----tography technique described by Warner (1976) and modified by ---MacLeod e t at. (1976) . Two fractions (saturate and aromatic) were collected. Each fraction with its appropriate internal standard was concentrated and analyzed by.gas chromatography on a 30-meter .
,SE-30 glass capillary column (J & W Scientific) programmed from an initial temperature of' 70" to 250" at a rate of 4"/min. Compounds. Experimental System. The methods and materials utilized ! I --3-n these studies are essentially those described for oil-on-sediment
and-oil-in-sediment exposures conducted with sipunculids (PhascoZosoma)
8 .
.---.
~ " (Anderson et aZ., 1977) ; . Either fiberglass or polyvinylchloride
1
.sediment trays (36 x 46 x 81 cm), containing 3 equal compartments l and fiberglass mesh (1.6 mrn) openings in the bottom, were used to
hold.-clean-and contaminated sediment in the intertidal z%ne.
. .
--. ~ediment'was collected from the' same' area that was used for placement of,.experimental.trays'. Sieving of natural substrate was necessary to reduce large particle size variability, ranging from fine detritus to large cobbles. The first two installations .(I on April 17, and I1 on May 3, 1976) consisted of 6 trays each, four of'which received oil while 2 served as controls. The sediment used in these installations was sieved thru"a 12 mrn mesh screen in the field and transferred in buckets to a freezer at-the laboratory. After three cycles of freez.ing and thawing, -the substrate was placed in the trays and transferred' to large aquaria receiving flowing seawater (one liter per min.). The-aquaria were equipped with a system to provide tidal flushes such that.water would drain completely from the sediment (through the mesh bottom) and fill with . .
aerated.-water after a "low tide" period of 1 hour. When the water level was approximately 1 cm above the sediment surface, a 4% (v/v) volume of oil was poured over the water forming a uniform layer.
-"Low tide" was then initiated, and the oil impacted the surface and remained there for about 2 hours, until the next "high tide."
At the lfigh water level, excess oil (not adsorbed to sediment) was skimmed off by the outflow tube. After 3 more tides (48 hours total), the 4 exposed trays and 2 controls were transferred to the zero tide level on the sand spit east of the laboratory. Exactly the same procedure was utilized in the preparation of installation I1
in-May, 1976.
.To. si.mul_ate -a spill-where finer sediment is thoroughly mixed, with oil, installation I11 (October, 1976) was prepared in a somewhgt different manner. Sediment collected from the sam&.local was
.s-ieved a second.time to eliminate particles greater than 2 mm. As described in the oil-in-sediment procedure of Anderson et aZ. (1977) , this substrate was mixed thoroughly in a fiberglass-lined cement mixer with a volume of oil approximating 0.1% of the sediment voldme.
-.
The oil was mixed in a blender with 500 ml of seawater before addition to the tumbling moist sediment, and a 500 ml rinse was added a few moments later. 
1976
, utilized somewhat different techniques. Two core samples were T a b l e 1. sampling s c h e d u l e for field i n s t a l l a t i o n s . T r a y s (TI 4 and 5 contained control sediment in a l l installations. There were 3 s e c t i o n s per 6 and one :was c a n p l e t e l y . . emptied a t each t i m e i n t d a l . I ; # P a r e n t h e t i c a l . numbers represent the number of replicate cores sampled.
1 . Sorting of organisms from small portions (about 5 ml) of the sediment was conducted under a dissecting microscope at 15X.
--Animals were placed in small vials with 70% ethanol and held for later identification and counting. 'While a large number of species were ident-ified, the more prominent species which were present at nearly every interval and in each sample were selected for comparisons.
.-..
Results

Chemical
Analysis of PBC. C'ompounds identified in the saturate fraction
of PBC by gas capillary column chromatography included the straight chain hydrocarbons from C I 1 to C Z 6 , pristane and phytane. Pristane , ,
. ' and phytane were baseline resolved from heptadecane and octadecane ,.
-. indicated 73%-of the IR de.tectable oil remained after 9 months of exposure . . . .
( Figure 8 ) .
he ratios of nC17/pristane and nCle/phytane were calculated from analysis of the saturate fraction from sediment extracts of
field installations I and 111. The results. are shown in Table-3 . In both-installations, the ratios remained constant through the period of 4 to 6 months. After this period of time, considerable changes occurred in the ratios. In the first installation, the nCI7/pristane and nC18/phytane ratios were lower by factors of . --7.3 and 6.4, respectively. The changes observed in the third installation were significant but less than those observed in the first installation. The nCr7/pristane and nC18/phytane were Lower by factors of 1.8 and 2.3 respectively.
Biological
From examination of the list of species identified from field ~oll~ctioi-ik (~abl& 4), it is clear that a good diversity of organisms were recruited. As might be expected, the dominant phyla were three polychaetes and two bivalves were shown to be present in significant numbers. We do not feel that selection of 5 species from the total represents a bias toward oil resistant species, since these were the only species that were consistently found in control sediments, . -with one or more individual per core (in most cases).
_.-__. . .
-
An overview of the distribution of the five benthic species is shown in Figure 9 . 1nstallat.ion I contains the largest compilation - 
A n a t a i d e s groenZandica Armandia b i o c u z a t a DorviZZea moniZoceras -A x i o t h e ZZa r u b r o c i n c t a Dorvi Z Zea sp.
Boccardia sp.
EuZaZia nigrimacuZata C i r r a c t u Z u s c i r r a t u s Harmothoe sp.
Owenia coZZaris Hemipodus b o r e a l i s L e p i d o n o t u s caeZorus
----
L u m b r i n e r i s sp. N o t h r i a eZegans Ophiodromus p u y e~t s n s i s Pho Zoe minuta P Z a t y n e r e i s b i c a n a Z i c u Z a t a Typosy ZZis f a s c i a t a Phylum Mollusca
Class -Bivalvia Class -Gastropoda
CZinocardium n u t t a Z Z i i
Acrnea sp.
MyaeZZa tumida FartuZum sp.
--
MytiZus e d u Z i s Lacuna' sp. Protothaca s t a m i n e a .
Margarites sp.
P s e p h i d i a Zo.rdi NuceZZa ZameZZosa
Phylum Anthropoda
Class Crustacea
Order -Decapoda
Cancer p r o d u c t u s Hemigrapsus o r e g o n e n s i s Pagurus ' b e r i n g a n u s Pagurus h i r s u t i u s c u Z u s Pagurus sp.
Panda Zus. sp. P i n n i z a sp.
TeZmessus c h e i r o g o n u s Upogebia p u g e . t t e n s i s , P u g e t t i a g r a c i Z i s
Subclass -Cirripedia
BaZanus sp.
Exosphaeroma ampZicauda Gnorimosphaeroma o r e g o n e n s i s
Order -Tanaidacea --differences betwe6n mature or juvenile bivalves in the clean and oiled sediment of installation 11.
Installation I11 was prepared in a manner which was significantly different than the first two installations. Sediment was first screened through a 12 mm sieve and then a finer mesh, which allowed only particles less than 2 rnrn to pass through. This relatively homogeneous substrate was then thoroughly mixed with oil, before being placed in the sediment trays. The significantly different chemical characteristics of this installation have already been discussed,and they provide evidence of the marked difference between these sediments and those of the earlier installations.
-1t was noted during field collections that these more homogeneous particles tended to be much more compact thus making coring more difficult. However, the cores remained intact on extraction and transfer to jars for preservation. It was rather remarkable --that this finer, more conipact substrate possessed populations of the five species which were.apparently equivalent to those in the other two installations. After only 110 days in the field., reasonably good recruitment had occurred in both clean and oiled sediment trays. .From this February collection the only significant differences between abundance in clean and oiled 'substrate were exhibited by Psephidia and Ophiodromus. ,There were more of the small bivalves (Psephidia) in the clean sediment, and a small portion ofi-the .population was mature. On the 0th-er hand, the polychaete; Ophiodromus, was more abundant in the oiled substrate at '-this time interval. In May, (80 days later) there we:re no significant differences between the populations of any of the 5 species in clean and oiled substrate, but both bivalve species tended to be' somewhat suppress.ed in the oil-contaminated sediment.
The proportions of mature bivalves in oiled and clean substrate were very similar.
To attempt to correlate season with changes in the abundance of species, the mean values for numbers of individuals were plotted against sampling dates for all three installations. There was no apparent pattern of abundance for four of the five species in regards to season or the nature of the substrate (clean vs.
oiled). The only trend that was observed is shown in Figure 10 ,
where the mean number of MyseZZa individuals per core are plotted 
Discussion
Chemical
The capillary gas-chromatographic method has been applied to three installations of a field study to evaluate the persistence of PBC in coarse beach sediment. Using this method, considerable differences were observed in the depuration of PBC from the sediment . . tion of oil in the environment (Blumer and Sass, 19.72 ) and. we'observed changes in these ratios for installations I and I11 (Table 2 ). It is suggested that the contribution of the biodegradative process to the depuration of saturate compounds from oil layered sediment was minima1;because greater than 96% of the oil in the sediment was lost before the biodegradative process apparently began. The . .
greater biodegradative activity for saturate compounds in the layered oil-sediment system can be attributed to the more aerobic environmental conditions expected to be present near the sediment surface.
It is interesting to note that increased rates of depuration are observed after six months for both docosane and total saturates in the mixed oil-sediment system (Figures 7 and .8) . The fact that this occurs at the same time that we observe changes in the pristane-
phytane ratios suggest that part of this increase in the depuration
. rates is due-.to the biodegradative process. after a spill and baseline data are not available for comparison of pre-and post-spill conditions.' As pointed out by Michael (1977) ,
it is often difficult to obtain funding for long-term studies,
which are --needed . . -to evaluate effects on populations and communities.
There are, however, a few.relatively recent studies which present data that may .be compared to those of this investigation.
A-very large field study has been described by McAuliffe %. .et
aZ.,- (1975) which concerned the effects of a 65,OQO barrel oil ---spill, 11 miles east of the Mississippi River Delta on the continental shelf. They reported that oil in sediment was generally restricted to a 10 mile radius from the,platform and that linear, regression coefficient did not show significant correlation between any of the biological parameters measured (no. of species, no. of individuals, diversity index and crustacean/polychaete ratio).and the amounts of either CI2-Cz3 or C 1 2 + hydrocarbons. It was estimated that 0.4 to 0.5% of the total oil discharged was present on the sediments within 5 miles radius of the platform. A value of about 130 ppm total hydrocarbons (measured gravimetrically). represented the contaminated area and could be compared to the IR va1ue.s for the exposed sediments in this study which were initially as high as 770 ppm. Using total organtc carbon as a measure of the extent --of oil contamination, Wormald C1976), studied the devastation and
later recovery of meiofauna in beach sediments of Picnic Bay, Hong Kong, which received a spill of Heavy Marine Diesel oil.
He showed-that nematodes and harpacticoid copepods were almost completely killed within 4 . . . days .
after the spill and populations remained very low for 8 months. Factors which were apparently controlling the rate of recovery (recruitment) were total oil levels, percent of aromatics, and position on the tide level. meiofauna was present at "normal" population levels.
Another investigation of the effects ~£.spilled oil was recently reported by Krebs and Burns (1977) , in which they described the gradual recovery of fiddler crab, Uca pugnax, populations corresponding to concentrations of weathered No. 2 Fuel Oil in sediments. ~e c o v e r~ is still not complete 7 years' after the spill, and concentrations in the mud greater than 1000 ppm were toxic to adults, while those of 100 to 200 ppm were toxic to juveniles.
Abnormalities related to sublethal chronic exposures were also found, and it appears that this species may not have the capabilities to metabolize hydrocarbons exhibited by other crustaceans (see review-
by Lee, 1977) . About 7 years after a Bunker C fuel oil spill While data were generated regarding levels of hydrocarbons in the.
water column (quite shallow) and clam and oyster tissue, no spillrelated hydrocarbons were found in extracts of the sediment. The analytical techniques used by these investigators were quite sensitive and sophisticated, but background levels in the area were relatively high. Another report of high sediment hydrocarbon levels showed a correlation between sample locations and a creek which had received fuel oil from a leaking storage tank (MacLeod, et aZ., 1977) . These total naphthalenes and phenanthrenes in the initial sediments of installation I were 110 and 30 ppm, respectively. It would appear that concentrations in our experimental sediments were well above those encountered in even a highly polluted substrate.
~i e l d sediment experiments with oil including detailed hydro-.-.
7.:
carbon component analyses are virtually non-existent. Lee 'and ~nderson (1977) , have described an experiment in CEPEX bags including some data on naphthalenes, but this involved the £ate,and effects of these compounds in the water colur~~ri not the benthic environment. ppm (dry weight). Since this animal is a deposit feeder, it is expected that surface oiling would result in high contamination of -tissue and mortality. Uptake studies using the same sediment trays described in this paper have shown the bioavailability of specific
hyd.rocarbons to-~acoma inquinata (Roesijadi et aL., , 1978 . The effects of oiled sediment on the mortality of Macoma reported by Shaw et aZ.(1976) I . , this.fine clay substrate, were less than those reported "i'n this
study, the chronic condition reduced the numbers of species. and individuals of benthic organisms living within 500 feet of the platform and abundance was correlated with naphthalenes content along three transects.
Conclusions
The rates of depuration of hydrocarbons in the two installations of coarse sediments, which received a surface oiling were quite rapid and very similar. Let us consider only the methylnaphthalenes (MNs) and methylphenanthrenes (MPs) which have been shown to be as toxic as any compounds tested (Neff et aZ., 1976 installation 111, as a,function of depuration time. -.
Solid lines represent.contro1 ( C ) * 2 , 7 and 1,7 a r e suggested structures based on pub1 ished 1 i t e r a t u r e on the law resolution gas chromatographic: separation of dimethyl naphthalenes.' . .
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